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Abstract. We analyze the ability of galaxy and CMB lensing surveys to constrain massive neutrinos
and new models of dark radiation. We present a Fisher forecast analysis for neutrino mass constraints
with the LSST galaxy survey and the CMB S4 survey. A joint analysis of the three galaxy and shear
2-point functions from LSST, along with key systematics parameters and Planck priors, can constrain
the neutrino masses to
∑
mν = 0.041 eV at 1-σ level, comparable to constraints expected from Stage 4
CMB lensing. If low redshift information from upcoming spectroscopic surveys like DESI is included,
the constraint becomes
∑
mν = 0.032 eV. These constraints are derived having marginalized over
the number of relativistic species (Neff), which is somewhat degenerate with the neutrino mass. We
also explore the gain by combining LSST and CMB S4, that is, using the five relevant auto- and
cross-correlations of the two datasets. We conclude that advances in modeling the nonlinear regime
and the measurements of other parameters are required to ensure a neutrino mass detection. Using
the same datasets, we explore the ability of LSST-era surveys to test “nonstandard” models with dark
radiation. We find that if evidence for dark radiation is found from Neff measurements, the mass of
the dark radiation candidate can be measured at a 1-σ level of 0.162 eV for fermionic dark radiation,
and 0.137 eV for bosonic dark radiation, for ∆Neff = 0.15. We also find that the NNaturalness model
of Arkani-Hamed et al [1], with extra light degrees of freedom, has a sub-percent effect on the power
spectrum: even more ambitious surveys than the ones considered here will be needed to test such
models.
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1 Introduction
Over the last few decades, flavor oscillation experiments e.g. [2–4] have established that neutrinos in
the Standard Model are massive, and have three mass eigenstates. These experiments have accurately
measured two of the mass splittings as well as the mixing angle between the various eigenstates.
However, these experiments do not directly measure the absolute masses of the neutrinos, or the mass
hierarchy of the three species.
The presence of massive neutrinos has non-trivial consequences for cosmology. The fraction of
the total energy density of the universe that is contributed by neutrinos is proportional to the sum
of the masses of the three neutrino species [5]. For most realistic neutrino masses, all three mass
eigenstates were relativistic prior to last scattering of the Cosmic Microwave Background (CMB), but
at least two mass eigenstates are non-relativistic today. These neutrinos contribute to the overall
matter density at late times, but with little clustering below their free streaming scale. For light
neutrinos, the free streaming scale can be comparable to the Hubble radius. This is unlike the Cold
Dark Matter (CDM) component which clusters strongly on all scales at low redshifts to form halos
and filaments. The clustering of neutrinos has the effect of damping the growth of the matter power
spectrum on small scales when compared to a CDM-only case [6].
Since the damping of the power spectrum depends on the neutrino energy density, and therefore
on the sum of the neutrino masses, an accurate measurement of the matter power spectrum can provide
a strong constraint on the sum of the neutrino masses. Combined with the two mass splittings that
have been measured from terrestrial experiments, this would allow for an accurate determination of
the masses of individual eigenstates and the hierarchy.
Apart from neutrinos in the Standard Model, many theories of physics beyond the Standard
Model include light, weakly interacting degrees of freedom in their particle content. While the details
of these particles’ interactions may be very different, as long as the interaction rates are small on
cosmological time scales, the effect of these light particles on the observable matter power spectrum
will be similar to that of the Standard Model neutrinos. These extra light species will damp the power
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spectrum on scales below their free streaming scale by an amount proportional to the energy density
in that species.
Recently many models of dark sectors with varied particle content and interactions have been
proposed, [7–22] for example. Many of these models predict the existence of some form of thermal
dark radiation, both bosonic and fermionic. Pseudo-Goldstone bosons are the most common example
of the former, and are realized in many extensions of the Standard Model. Among fermionic dark
radiation candidates, sterile neutrinos are perhaps the best-motivated and extensively studied. In all
these cases, the presence of extra dark radiation in the universe would lead to a non-zero ∆Neff in
measurements of the CMB, i.e. a change to the effective number of relativistic degrees of freedom at
CMB last scattering. However, since these particles are expected to be relativistic at the epoch of
CMB, a measurement of ∆Neff alone does not measure the masses of these particles. As long as the
masses of these particles are light enough that they are fully non-relativistic today, the damping of
the matter power spectrum is directly proportional to the mass of the dark radiation particle, and
measurements of this damping on small scales can potentially constrain the mass, both for fermions
and for bosons [23].
One specific example of such a model with extra light particles is the “NNaturalness” mechanism
[1] proposed to solve the hierarchy problem. This model introduces N non-interacting copies of the
Standard Model field content, with the Standard Model being identified as the copy with the lowest
non-zero Higgs vacuum expectation value. One of the predictions of this model is that massive
neutrinos from sectors close to our Standard Model could have energy densities not too much smaller
than the energy density of the Standard Model neutrinos. Apart from a signature on Neff at CMB,
there will also be extra damping of the low redshift matter power spectrum compared to the Standard
Model, which is potentially observable.
Accurate measurement of the late time matter power spectrum, therefore, will be extremely
important for constraining the neutrino mass in the Standard Model, as well as for constraining light
degrees of freedom from more exotic models. One probe of late-time clustering of mass is lensing of
the CMB by intervening matter. The Planck experiment along with ground based experiments such
as SPT [24] and ACT [25], have already produced lensing maps of the CMB, and future planned
experiments such as the Simons Observatory and CMB Stage 4 will be able to this more accurately
and down to smaller scales [26, 27].
Another powerful method for determining the late time matter power spectrum is weak lensing
measurements in large galaxy photometric surveys, like the ongoing Dark Energy Survey [28], Subaru
HSC survey [29] and KiDS [30], and the upcoming surveys by the LSST [31], Euclid [32] and WFIRST
[33] missions.. While measurements of galaxy-galaxy lensing and galaxy autocorrelations from these
surveys do not individually measure matter auto-correlations, due to degeneracy with the unknown
galaxy bias, the combination of the two on linear scales (where the bias is expected to be deterministic)
eliminates the bias uncertainty [34]. Inclusion of cosmic shear measurements from these surveys
further enhances the ability to pin down the underlying matter power spectrum. Using weak lensing
from current and upcoming CMB and photometric galaxy surveys, as well as information about low
redshifts from ongoing and future spectroscopic surveys, numerous authors have investigated the
bounds placed by these measurements on the neutrino mass e.g. [26, 35–66]. With the inclusion of
smaller scales in successive generations of cosmological experiments, as well as lower experimental
noise, these bounds have gotten progressively tighter, to the point that current data from the Planck
experiment offers stronger bounds on the sum of neutrino masses than any terrestrial experiment,
albeit with assumptions about the background cosmology.
In this paper, we present a Fisher forecast analysis of the ability of a survey like LSST to constrain
the sum of the neutrino masses, as well as its ability to constrain other beyond Standard Model light
degrees of freedom using weak lensing measurements. In §2, we present our method for calculating
constraints on cosmological parameters, as well for differentiating between different models producing
changes in the angular power spectrum Cl. In §3, we overview the survey parameters for LSST and
CMB Stage 4 lensing experiment, as well as parameterize the systematic uncertainties in these surveys.
In §4, we present the constraints on the sum of neutrino masses from LSST and compare it to those
that will be obtained from CMB Stage 4 lensing. We also present constraints from the joint analysis
– 2 –
of the two. In §5, we discuss how observables at LSST can provide constraints on dark radiation. In
§6, we discuss the prospects of detecting models of NNaturalness using galaxy clustering and lensing
at LSST. Finally, in §7, we summarize our findings, and discuss future avenues of study.
2 Method
2.1 Weak lensing in galaxy surveys
Galaxy surveys like LSST provide maps of galaxy distributions and shear on the sky, which can
be used to construct the different 2-point correlation functions that will be used in our analysis:
the galaxy-galaxy autocorrelation function Cggl , the galaxy-convergence cross spectrum C
gκ
l and the
convergence autospectrum Cκκl . Here we make use of the simple relation between shear spectra
and convergence spectra. Using the Limber approximation these spectra are constructed from the
underlying 3-dimensional power spectra [67]:
C
xixj
l =
∫
dz
H
D2A
Wi(z)Wj(z)P
sisj (k = l/DA; z) , (2.1)
where xi stand for g or κ, while si stand for the underlying 3 dimensional source fields. DA is
the angular diameter distance, and Wi are the weighting functions in redshift space. For the galaxy
number fluctuations, the three dimensional source field is the fluctuations in the 3-dimensional number
density:
s(r; z) =
δnV
n¯V
. (2.2)
The weighting function for galaxy fluctuations is given by
Wg(z) =
D2A
H
n¯V
n¯A
, (2.3)
where the normalization factor n¯A is chosen so that
∫
Wg(z)dz = 1. For the shear field the 3-
dimensional source field is the fluctuation of the matter density:
s(r; z) =
δρm
ρm
, (2.4)
and the weighting function is
Wκ(z) =
3
2
Ωm
H0
H
H0DOL
a
∫ ∞
z
dz′
DLS
DOS
Wg(z
′) , (2.5)
where DOL stands for the angular diameter distance to the lens, DOS is the angular diameter distance
to the source, and DLS is the distance between the lens and the source. We use the publicly available
CAMB code [68] to generate the various power spectra that go into our analysis.
To construct the covariance matrix for the Cl, we assume that the different l are uncorrelated
and so the covariance matrix is diagonal in l. We also assume that up to lmax, we are roughly in the
linear regime, where Gaussian statistics are valid, and all n-point functions can be broken down into
products of various two point functions given by the Cl. To take into account the shape noise in the
shear spectra and the shot noise in the galaxy spectra we define
C˜
xixj
l = C
xixj
l +N
xixj
l , (2.6)
where x stands for g or κ and i is used to label different redshift bins. The noise terms are given by
N
gigj
l =
δij
n¯i
, (2.7)
N
κiκj
l =
δijγ
2
rms
n¯i
, (2.8)
N
giκj
l = 0 . (2.9)
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Here n¯i represent the number counts of lens and source galaxies in each redshift bin in units of sr
−1.
For the shape noise contribution, we use a value of
√
γ2rms = 0.22.
In the linear regime all covariances of the power spectra can be written as products of the power
spectra themselves. Therefore the different elements of the covariance matrix Cl can be written as:
[Cl]
ij,kl
≡ C˜xixkl C˜
xjxl
l + C˜
xixl
l C˜
xjxk
l . (2.10)
Using this covariance matrix, we construct different components of the LSST Fisher matrix
FLSSTαβ = fsky
∑
l
(2l + 1)
∑
ijkl
∂C
xixj
l
∂pα
[Cl]
−1
ij,kl
∂Cxkxll
∂pβ
, (2.11)
where pα represent the model parameters, and fsky is the fraction of the sky covered in the survey,
which we take to be 0.5 for LSST.
To use information on the parameters from Planck, we use the covariance matrices available
in the Planck Legacy Archive for the baseline model. We ensure that we do not include Planck
constraints coming from CMB lensing within the Planck experiment. The total Fisher matrix is
obtained by adding together the resultant Planck Fisher matrix to the Fisher matrix we derive for
the LSST experiment
F = FLSST + FPlanck . (2.12)
The constraint on parameter α is then given by
σ(pα) =
√
(F−1)αα . (2.13)
2.2 CMB lensing
For the CMB lensing analysis, we consider the lensing power spectrum Cddl where d, the deflection
field, is the gradient of the lensing potential d = ∇φ. The noise level Nddl for a given set of experi-
mental sensitivities can be estimated following [69], and was calculated using QUICKLENS [70]. The
covariance matrix for the CMB lensing power spectrum is then
Cl = 2
(
Cddl +N
dd
l
)2
, (2.14)
and the elements of the Fisher matrix are given by
FCMBαβ = fsky
∑
(2l+ 1)
∂Cddl
∂pα
C−1l
∂Cddl
∂pβ
. (2.15)
Once again, we use Planck priors, where lensing information from Planck is not used. This is done
by adding together the two Fisher matrices, as in §2.1.
2.3 Model differentiation
To calculate the statistical significance of distinguishing between two models which are not connected
by a parameter which can be varied smoothly, we use the following procedure [71]. Let the difference
in the various predicted power spectra from the two models be denoted by δC
xixj
l . The χ
2 difference
between the two models is then given by
χ2 = fsky
∑
l
(2l+ 1)δC
xixj
l [C]
−1
ij,kl δC
xkxl
l . (2.16)
A part of this χ2 difference can be taken into account by varying the continuous parameters in the
fiducial model. The change of the observable power spectra given a change in the parameters of the
fiducial model is δC
xixj
l =
(
∂C
xixj
l /∂pα
)
δpβ. Taking this variation into account, the new χ
2 is given
by
χ2 = fsky
∑
l
(2l+ 1)
[
δC
xixj
l + δpα
∂C
xixj
l
∂pα
]
[C]−1ij,kl
[
δCxkxll + δpβ
∂Cxkxll
∂pβ
]
. (2.17)
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Figure 1. Expected source galaxy counts (per square arcmin) as a function of redshift in the LSST survey
is plotted with the black curve. The solid red lines indicate the photometric redshifts zmin and zmax of the 6
lens bins used in our analysis. The dashed blue lines represent the zmin and zmax for the 6 source bins. The
blue lines have been slightly displaced for clarity.
By setting ∂χ2/∂pα = 0 in the above equation, we calculate the δpα which needs to made about the
fiducial set of parameters pα to obtain the minimum χ
2:
δpα = − (F )
−1
αβ
∂C
xixj
l
∂pβ
[C]−1ij,kl δC
xkxl
l , (2.18)
where F is the Fisher matrix of the fiducial model. The final χ2 is then calculated using (2.17).
3 Survey parameters and systematics
3.1 LSST
To get the number counts of sources in an LSST like survey, we use a redshift distribution of source
galaxies given by the following form:
dn
dz
∝ z1.2 exp
(
−
z
0.5
)
, (3.1)
with a total number density nsource = 30 arcmin
−2. For lens galaxies, we will use redMaGiC type
of galaxies [72] which have a redshift distribution dn/dz ∝ χ(z)2/H(z), and total number density of
lenses nlens = 0.25 arcmin
−2.
In our calculations, we consider different redshift binnings - we start from 1 lens redshift bin and
1 source redshift bin, and go up to 6 lens redshift bins and 6 source redshift bins. We show the bin
centers and widths for this last case in Fig. 1. For each lens redshift bin center, we calculate kmax
such that k
3P (k)
2pi2
∣∣
kmax
≈ 0.2. Using this, we obtain the highest multipole lmax = kmaxχ, which we use
in our analysis. This is done to ensure that that even for the highest multiploles in each bin, we are
in the regime where perturbations can still be treated as being roughly linear, and assumptions of
the independence of different l modes and linear biasing are valid. As expected, lmax increases with
redshift, so we can go out to smaller scales at higher redshifts. This allows for tighter constraints on
the different cosmological parameters, which affect the shape of the power spectrum, along with the
overall amplitude. We tabulate the lmax for each of our bins in Table 1.
We also note that we use the linear matter power spectrum for all our calculations. Since we
restrict ourselves to the scales for which k
3P (k)
2pi2
∣∣
kmax
= 0.2, using the linear power spectrum, as
opposed to the full nonlinear power spectrum is a valid choice, except for some scales near kmax and
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zcenter lmax
Lenses
0.40 210
0.55 240
0.70 330
0.85 440
1.00 570
1.15 720
zcenter lmax
Sources
0.85 200
1.00 220
1.15 250
1.30 280
1.45 320
1.60 370
Table 1. List of redshift bin centers and lmax used for each redshift bin for the LSST survey.
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Figure 2. Comparison of the Cggl and C
κκ
l power spectra at different redshifts to the shot noise and shape
noise levels at those redshifts. The solid lines plot the power spectrum, while the dashed line of the same
color plots the shot noise or shape noise for that power spectrum at that redshift expected at LSST. The
dot-dashed lines represent the value of lmax for each redshift bin. The spectra are sample variance dominated
out to l ∼ 400.
consequently lmax. The differences are expected to be small, and using the linear power spectrum will
always yield a conservative estimate on the constraints.
In Fig. 2, we plot the power spectra and the associated noise levels for the assumed number
counts of lenses and sources in some of the redshift bins that we use in our calculations. In the left
panel of Fig. 2, we plot the galaxy-galaxy autospectra Cggl for four of the lens redshift bins, with the
solid lines. We represent the shot noise level in each bin using the dashed lines of the same color.
Similarly, in the right panel, we plot the shear autospectra Cκκl for four of the source redshift using
solid lines. We also indicate the shape noise for these bins using dashed lines of the same color.
As mentioned, the lens galaxy counts we use throughout our analysis are chosen to approximate
the distribution of redMaGiC galaxies [72]. The galaxy-galaxy autorcorrelations for the lens bins are
also calculated using the same subsample of galaxies. Since these galaxies form only a fraction of all
the galaxies in those redshift bins, the level of shot noise in our measurements, as expressed in Eq.
2.7, will be higher than the case where all galaxies are used. However, as Fig. 2 shows, shot noise is
sub-dominant compared to the signal covariance over the range of scales we consider, meaning that
the increased shot noise from the redMaGiC subset should not degrade the errors significantly. The
advantage of using this subset is that the redshifts of redMaGiC galaxies may be determined to a very
high level of accuracy using photometry alone, allowing us to effectively ignore lens redshift errors
as a source of systematics. For the lens redshift bins, therefore, we only consider the galaxy bias of
each bin bi as sources of systematics, and include these as nuisance parameters in our Fisher matrix
analysis.
For the source galaxies, however, we use the entire galaxy population from those redshift bins.
– 6 –
101 102 103
l
10-9
10-8
10-7
l(
l+
1)
C
d
d
l
/(
2π
)
C ddl
N ddl
Figure 3. Noise level Nddl in the deflection power spectrum C
dd
l from CMB Stage 4 lensing for the assumed
survey parameters. The lensing signal is sample variance dominated out to l ∼ 1000.
While using these high number densities helps reduce the shape noise, we need to consider multiple
sources of systematics [73]. Amongst these, the most significant systematic that we need to account
for is the photometric redshift uncertainties of the source galaxies, as these are not as well measured
as those in the redMaGiC sample. Another important systematic that we need to consider is the
shear calibration. Here we allow for a multiplicative error arising from calibration errors in the shear
and photo-z. We do not attempt to model additive, scale dependent uncertainties in the shear or
clustering as a reasonable analytical model or even level of uncertainty is not available. To account
for these sources of systematic errors, we introduce the nuisance parameters, mi, one for each source
bin. We assume that these effects can be parameterized by allowing for an overall rescaling of the shear
measurements: κi → κi(1 +mi). We will consider this parameterization for the source uncertainties
throughout the paper. Note that the relation between our mi and photo-z bias is not linear, and is
redshift dependent. But it is a reasonably good approximation to capture both shear and photo-z
bias into a multiplicative parameter for our forecasting purposes.
Since we are using a single nuisance parameter mi, per bin, to account for both shear calibration
and redshift uncertainties, as the calibration of the shear in LSST gets better, the mi will mostly
encode our uncertainty on the photometric redshifts of the source galaxies.
We note that our analysis assumes that other sources of systematic errors are subdominant
to statistical errors and the systematic uncertainty due to calibration errors that we have modeled.
These include intrinsic alignments of galaxies [74, 75], and additive errors in the shear measurements
due to residuals from the Point Spread Function (PSF) correction [76]. For intrinsic alignments (in
particular the GI alignments), a recent study [77] has shown that the systematic uncertainty is well
below statistical errors for an analysis similar to ours (see also [75, 78–80]). Additive errors in the
shear are not generally modeled in forecast studies as they are exceedingly difficult to anticipate and
various mitigation strategies are employed to deal with them in the measurement and analysis.
3.2 CMB lensing
A number of specifications have been proposed for the survey parameters of CMB Stage 4 experiments,
in this paper, we will use the following specifications. We consider fractional sky coverages fsky = 0.75,
fsky = 0.5 and fsky = 0.25. The beam size is assumed to be 1
′ in all cases and we assume an overall
experimental sensitivity of 0.58 µK-arcmin. In Fig. 3, we plot the deflection power spectrum Cddl ,
and the noise level Nddl on this observable for the survey parameters that we assume.
For CMB lensing we include information from multipoles up to lmax = 3000, while using a lower
cutoff lmin = 30. Since the lensing kernel for CMB peaks at around z = 2, it is justified for us to go up
to this high lmax while still using assumptions of linearity for the power spectra and their covariances.
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σ (
∑
mν) (eV) σ(w)
NS = 1, NL = 1 0.093 0.069
NS = 4, NL = 4 0.052 0.028
NS = 6, NL = 6 0.041 0.020
NS = 6, NL = 6 (+ DESI[52]) 0.032 0.017
NS = 6, NL = 6 (+ DESI[52] + Neff prior)) 0.028 0.016
Table 2. Forecasts of 1-σ constraints on the neutrino mass, and the dark energy equation of state w at LSST
for different number of lens and source bins, and different priors. The Neff prior used was 0.03, following [26].
4 Neutrino mass constraints
We assume a fiducial model with
(
τ, ns, ln[10
10As],
∑
mν , Neff ,Ωm,Ωb,ΩΛ, h, w, bi,mi
)
=
(0.066, 0.967, 3.15, 0.06, 3.046, 0.3, 0.05, 0.7, 0.7,−1, 1.5, 0) where bi stands for the bias in different red-
shift bins - with one bias parameter per redshift bin. While there may be additional signatures in
the galaxy bias [81, 82], we do not attempt to model them or use the additional information they
may provide - our forecasts are therefore conservative. The bias parameters will be marginalized over
when deriving constraints on various cosmological parameters like the sum of the neutrino masses∑
mν and the dark energy equation of state w. In our analysis, we do not assume any priors on
the bias parameters - the constraints on these parameters come from data only. Apart from the bias
parameters, we also marginalize over the shear uncertainties mi defined in § 3, and whose fiducial
value we assume to be 0. Our fiducial constraints on
∑
mν and w are derived without assuming
priors on the nuisance parameters mi. We discuss the effect of placing priors on these parameters
later in this section. We note that in all our calculations, we have assumed Ωk = 0, that is, curvature
is neglected. Further, we have assumed that the equation of state of dark energy w is time invariant.
4.1 LSST constraints on neutrino mass
We use the formalism described in § 2.1 to obtain constraints on cosmological parameters for different
number of lens and source bins at LSST. We find that for bins of fixed width, increasing the number
of bins improves the constraints on the neutrino mass. This happens for two reasons - by increasing
the number of bins, we increase the redshift coverage of the sources and lenses. Secondly, using more
bins allows for the measurement of higher number of cross-correlations. This improvement in the
constraints is summarized in Table 2, and is illustrated in Fig. 4, where we plot the marginalized
probability distributions for
∑
mν and w for different number of bins used in the analysis. In Fig 5
we plot the 1-σ and 2-σ confidence intervals for pair of the parameters (
∑
mν , w) for two choices of
source and lens bin numbers - 4 and 6. While the gain in going from one source and one lens bin to
4 of each gives a large improvement in the constraints, the constraints start to saturate as we add
more bins. This is because the finer binning leads to smaller galaxy counts in each bin, raising the
shot noise level. Using 6 lens and 6 source bins yields a constraint on the sum of the neutrino masses
σ(
∑
mν) = 0.041 eV. From the same analysis, we obtain a constraint of 0.020 on the dark energy
equation of state w.
Since we do not assume any priors on the biases of the lens galaxies, we check how well the biases
are constrained by data. We find that the bias parameters in each lens redshift bin is constrained at
about 2%, with the bias parameters for the low redshift lens bins being slightly better constrained
than the bias parameters for the higher redshift bins. This happens because of two opposing effects.
The lower redshift bins have a higher signal to noise ratios in their galaxy clustering power spectra.
On the other hand, we go out to a higher lmax for the higher redshift, increasing the sensitivity of
those redshift bins to the bias parameters. These two effects roughly cancel each other out to provide
similar constraints on the bias parameters for all redshift bins we consider.
Apart from LSST, other future cosmological surveys will also be sensitive to the effects of neutrino
mass on galaxy clustering and weak lensing observables. It is, therefore, useful to check how the
constraints on the cosmological parameters depend on survey specifications, such as the sky coverage,
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Figure 4. Marginalized probability distributions for the sum of neutrino masses (left), and dark energy
equation of state w (right), from LSST. The blue, red and black curves correspond to NL = NS = 1, 4, 6
respectively. Increasing the number of redshift helps extract more tomographic information, but this gain
saturates as the individual bins become too thin.
−0.6 −0.4 −0.2 0.0 0.2 0.4 0.6∑
mν
−1.4
−1.2
−1.0
−0.8
−0.6
w
Figure 5. 1-σ (solid lines) and 2-σ (dashed lines) confidence intervals on 2-d subspace of the parameters∑
mν and w from LSST. The red curves are the results from 4 source bin and 4 lens bin analysis. The black
curves represent the results when 6 source bins and 6 lens bins are used.
redshift depth, and number densities of galaxies. Apart from the LSST survey specifications, we
consider two other surveys - one with specifications similar to EUCLID [32], and the other with survey
parameters similar to the WFIRST survey [33]. For the EUCLID-like survey we assume fsky = 0.375,
an average source redshift z = 0.7, and number density nsource = 20 arcmin
−2. The 1-σ constraint on∑
mν for this survey is 0.060 eV. For the WFIRST-like mission, we assume fsky = 0.0675, an average
source redshift z = 1.4, and number density nsource = 40 arcmin
−2, and we find a 1-σ constraint
of 0.067 eV on
∑
mν . Note that the constraints for WFIRST are not very different from the other
surveys even though it has small fsky due to the greater survey depth. Therefore, if WFIRST continues
beyond its nominal three year mission, the sky coverage fsky could become larger, and the constraints
will improve accordingly. We find that our constraint forecasts are weaker compared to a similar
forecast for the EUCLID mission in [51] in the case where the authors assume that the linear galaxy
bias is known exactly for the lens galaxies. When this assumption is relaxed, the authors find a similar
constraint on the neutrino mass as the ones presented in this paper. For the gain by combining all
three surveys, see also [83].
To account for systematic errors in our constraint forecasts at LSST coming from the shear
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Figure 6. Degradation of the 1-σ constraints on the parameters as a function of the prior assumed on mi,
the shear calibration of the source bins at LSST. The constraints change very weakly with the value of the
prior, especially for w.
bias of the source redshift bins, along with the photometric redshift uncertainties, we introduce the
nuisance parametersmi for each source redshift bin, as mentioned in § 3. As with the bias parameters,
these are marginalized over to yield constraints on the cosmological parameters of interest. Note that
photometric redshift uncertainty leads to biased estimates of the distances to galaxies, which are not
exactly degenerate with shear calibration. But it is sufficiently accurate for the purposes of this paper
to fold the two biases into a single bias parameter per redshift bin.
Unlike with the galaxy bias parameters, which must be measured from the same dataset used
for cosmology, we test the effect of priors on these shear bias parameters as they can be estimated
with image simulations or high resolution imaging. We then study how the constraints on the sum of
neutrino masses and the equation of state for dark energy vary with the imposed prior. We find that
when flat priors are imposed on the mi, as is the case for our fiducial results, the constraint on the
neutrino mass from LSST weak lensing obtained above degrades by ∼ 17%, whereas the constraint
on w degrades by only ∼ 5%, compared to the case where these parameters are completely ignored.
We illustrate how the constraints on the cosmological parameters change as we impose stronger
priors in Fig. 6. For an imposed prior of 0.02, which may be achievable in LSST, we find that
the neutrino mass constraint degraded by only about 3% compared to the case where the effect of
these parameters is ignored. The degradation on the constraint on w is once again, even smaller -
roughly 1%. Obtaining percent-level priors on shear bias would require extensive and realistic image
simulations, as planned by LSST, and/or deep, high resolution imaging of a large enough subset of
the source galaxies – e.g. with space based imaging by WFIRST. An alternative is to actually use
CMB lensing to calibrate the shear – this approach was investigated by [84] and more recently in
some detail for a joint analysis of LSST and CMB Stage 4 lensing by [77]. They find a calibration of
shear bias in LSST at the percent level is indeed feasible. Note however that this still leaves redshift
bias as a systematic, so for our fiducial results we use flat priors on the mi parameters.
The behavior of the constraints as seen in Fig. 6 suggests that significant self-calibration is
possible even with no external priors. This is due to several factors: the combination of auto- and
cross-spectra across redshift bins gives N(N + 1)/2 shear spectra for N redshift bins, while there
are only N shear bias parameters. Additional self-calibration comes from galaxy-shear cross-spectra
which have a different scaling with redshift, and some information from galaxy-galaxy autospectra
alone, which are not affected by the shear bias and photometric redshift errors of the source redshift
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bins. Even though the galaxy-galaxy autospectra depend on the a priori unknown galaxy bias of the
lenses, the comparatively small error bars that will be achievable in LSST, coming mainly from the
large sky coverage fsky, means that these autospectra are also sensitive to parameters which modify
the shape of the various Cl. Massive neutrinos change both the amplitude and the shape of the 3
dimensional matter power spectrum, along with the different Cl. Changes in the dark energy equation
of state changes the cosmological growth factor, thereby changing the amplitude of the various Cggl .
In addition, the dark energy equation of state also affects the distance-redshift relation, which in
turn, affects the positions of the BAO peaks in Cggl . Since this second effect is not degenerate with a
change in the different bias parameters, the shapes of Cggl from different redshift bins provides strong
constraints on w.
4.2 Comparison to CMB Stage 4 lensing
Next, we compare the constraints on the parameters obtained from weak lensing in galaxy surveys
to the constraints derived from CMB Stage 4 lensing, with the inclusion of Planck priors. This
comparison is illustrated in Fig. 7. The black solid line represents the results from LSST, while the
red lines represent the results from CMB Stage 4 experiments, for different sky coverages. We find
that the constraints on the sum of neutrino masses from the two experiments are very similar, when
we consider the most optimistic scenario for CMB Stage 4 lensing (fsky = 0.75), where the latter gives
a constraint of σ
(∑
mν
)
= 0.046 eV.
It is interesting to compare the sensitivity of a CMB lensing survey and a weak lensing photo-
metric to the sum of neutrino masses under the assumption that they cover the same fraction of the
sky, and that they are sample variance dominated out to a similar range in multipole l. As can be
seen from Fig. 2 and Fig. 3, CMB lensing is sample variance dominated out to l ∼ 1000, whereas
with the number densities of lenses and sources assumed for LSST, the signal is sample variance
dominated out to l ∼ 400. For this comparison, therefore, we tune the number densities of lenses and
sources in LSST to 4 times their fiducial value, and then compare the constraints on
∑
mν from the
photometric galaxy survey and CMB lensing using lmax = 1000 and fsky = 0.5 in both cases. Under
these assumptions, we find σ(
∑
mν) = 0.018 eV for the photometric survey and σ(
∑
mν) = 0.055 eV
for CMB lensing. This shows that the tomographic information in a photometric survey allows us to
sample more modes, and therefore have a higher Signal to Noise Ratio (SNR) compared to a CMB
lensing survey where the source redshift and the lensing kernel is fixed by the CMB last scattering
surface. Quantitative comparisons of the SNR for a photometric survey like LSST and CMB lensing
has been performed in [77].
For CMB Stage 4 lensing, we find that our constraint on
∑
mν is weaker by about a factor of
2 compared to those in [26]. There are two main reasons behind this difference. First, [26] assumes
priors on other cosmological parameters coming from DESI BAO measurements, which will be much
tighter than the Planck priors that we use in this work. Secondly, Neff , which has large degeneracies
with the neutrino mass is included in our analysis, while the constraints quoted in [26] assume that
extremely accurate measurements of the CMB primaries from the Stage 4 experiments will constrain
Neff independently. Refs. [41, 53, 54] also find very similar constraints on the neutrino mass when
using DESI BAO priors in addition to CMB S4 lensing.
To check how our estimates improve with the inclusion of low redshift information coming from
DESI, we use the parameter forecasts provided in [52] in our analysis. This extra information is
especially helpful in tightening the constraint on the parameters Ωm and w, coming from precise
measurements of the BAO feature at low redshifts. We find that the 1-σ constraint on the sum the
of the neutrino masses from LSST clustering and lensing is 0.032 eV when information from DESI is
included, compared to our fiducial result of 0.041 eV. For CMB Stage 4 lensing, the improvement is
even more marked. With the extra constraints from DESI, Stage 4 CMB lensing can constrain the
sum of neutrino masses to 0.029 eV at the 1-σ level. The larger improvement in the CMB S4 bound
is understandable since the CMB lensing kernel is peaked near z ∼ 2, and therefore the information
from low redshift provided by DESI is mostly complementary to the information contained in CMB
lensing. On the other hand, for LSST, some of the information about low redshifts is already included
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Figure 7. Marginalized probability distributions for the sum of neutrino masses, and dark energy equation
of state w from CMB Stage 4 lensing (red curves) compared to LSST (black curve). The solid red curve cor-
responds to fsky = 0.75, the dashed red curve corresponds to fsky = 0.5 and the dot-dashed curve corresponds
to fsky = 0.25 for CMB Stage 4 experiments. While neutrino mass constraints from the two experiments are
similar, w can be constrained more tightly by the LSST survey.
as the lens bins in our analysis extend down to z = 0.4. So adding in the DESI priors to LSST analysis
do not improve the existing bounds on the neutrino mass by a lot.
Next, we add additional priors on the parameter Neff based on the forecasts for CMB Stage 4
experiments. We assume that ∆Neff will be measured using the CMB primaries at a 1-σ error level
of 0.03. When this prior is included in our calculation for the LSST clustering and lensing, the 1-σ
constraint on the sum of neutrino masses tightens further to 0.028 eV. Similarly, when this prior on
Neff is included in the CMB Stage 4 lensing estimates, the constraint on the neutrino mass becomes
0.023 eV. These numbers are then comparable to the constraints on the neutrino mass forecast in Ref.
[26].
When compared to the current constraints on the neutrino mass coming from CMB lensing in
the Planck experiment [85], we find that both LSST weak lensing and CMB Stage 4 lensing will
improve the bounds on the neutrino mass by almost an order of magnitude. This is especially true
once low redshift information from a DESI-like experiment is included for the CMB lensing analysis.
For the Planck value, we have used the constraint obtained from the CMB lensing from Planck itself
combined with Planck primaries only, with no additional external datasets. The 1-σ constraint on
the neutrino mass from this dataset only is ∼ 0.29 eV.
Since LSST weak lensing and CMB Stage 4 lensing are sensitive to very different systematics,
the fact that they are expected to provide very similar constraints on the sum of neutrino masses
is an important result. Since the errors from the two experiments do not correlate, the statistical
significance of a detection from one of experiments will be greatly enhanced when combined with the
data from the other.
While LSST weak lensing and CMB stage 4 lensing provide similar constraints on the sum of the
neutrino mass, the constraint on w from LSST is much stronger than the constraint from CMB Stage
4, even when we consider the most optimistic case for the latter. The CMB lensing kernel peaks at
around z ∼ 2, when dark energy forms a negligible fraction of the energy budget. On the other hand,
LSST weak lensing is sensitive to much lower redshifts when dark energy starts to dominate. Further,
the equation of state for dark energy affects the growth rate of the power spectrum. Since we use
spectra from multiple redshift bins in LSST, the growth rate, and in turn, w, are better constrained
than in CMB lensing.
4.3 Combination of LSST and CMB S4
It is also possible to combine measurements from LSST and CMB Stage 4 lensing assuming that
the survey windows of the two overlap each other. We use data from these overlapping surveys
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Figure 8. Marginalized probability distributions for the sum of neutrino masses
∑
mν , and dark energy
equation of state w for joint LSST and CMB lensing analysis (green curve) compared to those coming from
LSST only (black curve) and CMB lensing only (red curve). The constraints improve somewhat marginally
compared to the LSST only results.
to measure the cross-spectra CgκCMBl , along with the galaxy autospcetra C
gg
l from LSST and the
shear-shear autospectrum CκCMBκCMBl from CMB lensing. Using CMB lensing κCMB measurements
reduces some of the systematic uncertainties, since the multiplicative shear bias and source redshifts
uncertainties present in the LSST lensing measurements no longer affect the results.
For this analysis, we use the same lens redshift bins for LSST, as well as the same experimental
sensitivity for as mentioned in §3. We assume fsky = 0.5 for both experiments with complete overlap
of survey windows. We find that this combination provides 1-σ constraints of σ
(∑
mν
)
= 0.031 eV
and σ(w) = 0.016. Both these constraints are slightly stronger than the ones obtained from LSST
only and the most optimistic case for CMB Stage 4 lensing, as shown in Fig. 8.
One can also check how this joint constraint on the neutrino mass coming from LSST and CMB
lensing improves when priors from the DESI experiment is included. Once again, we account for the
extra information from DESI by adding stronger priors, especially on Ωm and w, whose values are
given in [52]. We find that including these stronger priors improves the 1-σ constraint on the sum
of neutrino masses to 0.020 eV. This bound is competitive with the bounds presented in [26], even
though in our analysis, we marginalize over one extra cosmological parameter in Neff . On the other
hand, this estimate may be a little optimistic given that we have assumed complete overlap of the
survey volume between the LSST and CMB Stage 4 experiment.
While the constraints on the cosmological parameters do improve when shear measurements from
CMB stage 4 are used, the improvement in the constraints is not dramatic unless extra information
from a survey like DESI is included. On the other hand, adding CMB lensing to LSST helps with
systematics of the LSST lensing measurements, especially in terms of constraining the multiplicative
shear biases mi of the different redshift bins. This has been studied in detail in Ref. [77]. Therefore,
even for cases where the overlap of survey volumes of the experiments is not perfect, useful information
can be obtained by looking at the cross-correlations of observables from the two.
5 Dark radiation
Thermal dark radiation is a natural and generic prediction of many theories beyond the standard
model. For instance, pseudo-Nambu-Goldstone bosons (pNGBs) are naturally light and are realized
in many extensions of the SM, arising from the spontaneous breaking of a Peccei-Quinn symmetry
(axions) [86, 87], lepton number symmetry (majorons) [88, 89], family symmetry (familons) [90], or
dark number symmetry [91]. Given suitably large reheating temperatures and low symmetry breaking
scales, these pGNBs can be thermally populated in the early universe. Beyond these minimal models,
string compactifications often yield a proliferation of axion-like particles with a much expanded range
– 13 –
10-4 10-3 10-2 10-1
k (h/Mpc)
0.94
0.95
0.96
0.97
0.98
0.99
1.00
1.01
P
(k
)/
P
(k
) f
id
u
ci
al
SM ν (mν =0. 06eV)
Dark radiation (mDR =0. 06eV)
Dark radiation (ΩDR =Ων)
Figure 9. Damping in the power spectrum caused by a Standard Model neutrino (black curve) with mass
mν = 0.06 eV compared to the damping due a fermionic dark radiation (red curve) particle producing ∆Neff =
0.15 at CMB and having the same mass, mDR = 0.06 eV. The shapes and the amplitudes of the damping
are different for the two particles, implying that dark radiation and Standard Model neutrino masses can be
measured simultaneously in surveys like LSST.
of masses and interaction strengths, making pNGBs a natural and generic source of thermal bosonic
dark radiation [92–94]. Such stringy constructions can also yield dark U(1) gauge bosons [95, 96] with
sub-eV masses, and possibly also fermionic dark radiation in the form of photini [97].
Perhaps the leading candidate for thermal fermionic dark radiation is a sterile neutrino. One way
to thermalize sterile neutrinos is to add new interactions in the neutrino sector that are motivated
by unification and by measurements of neutrino mixing [98–101]. Similar to NNaturalness, thermal
relic populations of both sterile neutrinos and dark photons can also arise in mirror sectors, where
the matter content of the SM is replicated, wholly or in part, in a hidden sector. This long-standing
idea, reviewed in [102], has been motivated by parity restoration as well as asymmetric dark matter
and solutions to the hierarchy problem [1, 103].
More generally, hidden sectors constitute a generic possibility for physics beyond the standard
model. Cosmologically, thermal dark sectors are very well motivated as a source of DM. Such hidden
sector models may be thermal, e.g. [104, 105], or nonthermal, e.g. [106]. In either case, the entropy
of the hidden sector must generically be either deposited into the SM thermal plasma or carried by
dark radiation. Dark radiation is thus a generic component of dark sector model-building. The ratio
of the dark radiation temperature to the temperature of the SM will generally depend on the physics
of reheating [107] as well as on the degrees of freedom in both sectors and the strength of the leading
coupling(s) between them, and for our purposes can be treated as a free parameter. Models where a
dark radiation species is directly involved in the freezeout of DM are frequently motivated by structure
formation, and in such models the radiation does not always free-stream. However, in the general
case, the lightest stable state(s) in the dark sector may be well-described by a thermal free-streaming
state, as in the SM; e.g. [108].
An extra light degree of freedom should in principle show up in measurements of Neff from the
primary CMB, and the size of the signal is proportional to T 4DR,CMB, where TDR,CMB is the temperature
of the dark radiation species at the epoch of CMB last scattering. Planck has already constrained
∆Neff < 0.33, and future CMB Stage 4 experiments should be able to improve the constraints to
∆Neff . 0.03 [26]. However, it should also be noted that if the particles are relativistic at CMB last
scattering, ∆Neff is insensitive to the mass of the dark radiation particle. Apart from a signature on
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Neff , these light degrees of freedom can also damp the matter power spectrum at late times. The
amount of damping is proportional to the energy density of the species today, ΩDR. Assuming that
these particles are non-relativistic at late times, the energy density is proportional to the mass of
these dark radiation particles mDR, and to the late time number density nDR, i.e ΩDR ∝ mDRnDR.
Since the damping of the matter power spectrum on small scales depends on ΩDR, surveys like
LSST will be sensitive to this parameter. We illustrate this with the following example, in which
we suppose that ∆Neff = 0.15 is observed in future CMB experiments. We then repeat our Fisher
matrix analysis, adding the mass of the dark radiation particle as an extra free parameter. The
relevant power spectra and transfer functions were produced using the publicly available Boltzmann
code CLASS [109, 110], which allows for easy implementation of bosons as an extra light species. We
find that for fermionic dark radiation, the constraint forecast is σ(mDR) = 0.162 eV, and for bosonic
dark radiation, σ(mDR) = 0.137 eV. Note that the mass bound is somewhat different for fermions
than for bosons, simply due to the difference in density arising from Fermi-Dirac or Bose-Einstein
statistics [23]. We further note that these results have been obtained after marginalizing over all other
cosmological parameters including the neutrino mass. This means that LSST is potentially sensitive
to multiple light species with different temperatures and masses, as the damping signatures will have
different amplitudes and shapes, as illustrated in Fig. 9. The uncertainty on the inferred mass scales
inversely with the magnitude of ∆Neff observed in the CMB.
6 NNaturalness
NNaturalness [1] is a new approach to solving the Higgs hierarchy problem. NNaturalness posits
that there are N copies of the Standard Model with differing Higgs masses. The Higgs mass squared
parameters are distributed between −Λ2 and Λ2, where Λ is the scale which cuts off quadratic di-
vergences. If N is large enough, one of the copies will naturally have a Higgs mass parametrically
smaller than the cutoff. The sector with the smallest negative Higgs mass squared is identified with
the Standard Model.
Given current constraints on ∆Neff , the question of why the Higgs mass is small has been
transformed into the question of why the sector with the lightest Higgs dominates the energy density
of the universe. Crucially the lightest sector need to be dominantly reheated without making it
otherwise special in any way. Not abiding by this rule would reintroduce the hierarchy problem.
To solve the problem, a new scalar field, the reheaton, was introduced. If the reheaton couples
with equal strength to the various copies of the Standard Model through the interaction φH†iHi and
is light (with a mass comparable to the lightest Higgs), then it predominantly reheats the sector with
the lightest negative Higgs mass. A light reheaton can only decay through off-shell Higgs bosons,
which favors the lighter Higgs masses.
The cosmological signals of this scenario come from the fact that the reheaton inevitably popu-
lates some of the other copies of the Standard Model. Since the sector with a light Higgs boson can
not be singled out in any way, the new sectors are very similar to us. For the sake of calculability we
assume that they are identical copies, except for slightly heavier Higgs bosons (with and without a
vev). Relaxing this assumption does not appreciably change the phenomenology. The new copies are
reheated to temperatures slightly smaller than our own and like our sector have many light particles
(including neutrinos) and a massless photon. The presence of these new light particles, with slightly
lower temperatures than our own, makes this model an ideal candidate to be constrained and/or
discovered by the techniques described before.
The cosmology of this realization of the NNaturalness paradigm is determined by two variables.
The first is the mass of the reheaton, mφ, and the second is the distribution of Higgs masses. The
coupling of the reheaton to the Higgs cancels out once the temperature of our sector has been fixed.
In principle, the differing Higgs masses can be drawn from any distribution. However any feature in
the distribution would imply some assumptions on the dynamics related to the hierarchy problem at
the scale Λ. So we take a uniform distribution with Higgs masses varying as
(
m2H
)
i
= −
Λ2H
N
(2i+ r), −
N
2
≤ i ≤
N
2
. (6.1)
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Figure 10. Ratio of the power spectrum at z = 0 for different NNaturalness scenarios (labeled by mφ)
compared to the Standard Model normal hierarchy scenario. The presence of extra free streaming species
damps the power spectrum on the free streaming scale of the lightest of the extra species. On linear scales
(k > 0.1 h/Mpc), the damping is below a percent level.
r is a real and positive parameter that accounts for the possible probabilistic nature of the Higgs mass
distribution or alternatively can be seen as a proxy for fine-tuning. If r = 1 the Higgs masses are
equally spaced around zero. For r < 1 the lightest sector is closer to mh = 0. Thus the cosmology of
this simple model of NNaturalness is determined by mφ and r.
In order to test the visibility of this model, we consider a set of different reheaton masses. For
each reheaton mass, we take the largest value of r such that ∆Neff is small enough to satisfy current
constraints. This leads to different combinations of masses and temperatures for the extra neutrino
species. We implement these extra neutrinos using the CLASS code [109, 110]. The CLASS code
allows for extra non-CDM species with different masses, temperatures and number densities, and
therefore it is straightforward to check the ratio of the 3-dimensional linear matter power spectrum
for different extra neutrino masses and temperatures. The results are plotted in Fig. 10. The fiducial
cosmology was taken to be ΛCDM plus one massive neutrino species with mν = 0.06 eV. For each
reheaton mass, we see the generic feature of extra damping on small scales, where the amplitude of
the damping is proportional to the energy density in the extra copies of the neutrinos. The scale
at which these damping effects start showing up is given by the free streaming scale of the extra
neutrinos. Since the extra copies have a higher mass and a lower temperature than the Standard
Model neutrino, in each case we find that the free streaming scale of the extra neutrinos is smaller
than that of the Standard Model neutrino.
We then proceed to use the formalism from § 2.3 to check the statistical significance of the
detection for these cosmologies with different reheaton masses. For the reheaton mass which produces
the largest damping in the matter power spectrum, the calculated ∆χ2 difference with the fiducial
cosmology is 0.151.
This small ∆χ2 suggests that these models will be hard to detect at LSST using information from
linear scales only, along with the priors from Planck. To obtain more optimistic estimates, we modify
some of our assumptions and survey parameters. First we set lmax for our various lens and source
bins to 1000. This obviously violates our assumptions of linear theory, but if nonlinear scales can be
modeled correctly, information from these small scales could, in principle, enhance the detectability
of the NNaturalness models. We clarify that in this analysis, we continue to use linear power spectra.
This is likely a somewhat conservative estimate of the signal at small scales since nonlinear terms raise
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the amplitude of the power spectrum on these scales. It is worth noting that pushing to lmax ∼ 1000
at low redshifts also means that baryonic physics needs to be taken into account, which we can safely
neglect at larger scales. This introduces a new systematic, and needs to be modeled accurately, either
through simulations, or semi-analytics models to extract information about cosmological parameters
from small scales, e.g. [111, 112]. The next assumption we make is to double the source and lens
galaxy counts in the different bins. For the lens bins, the redMaGiC galaxies are only a fraction of
all galaxies in the survey at that redshift, therefore doubling the number of galaxies for which the
redshifts are known accurately seems an achievable target. Trying to double the number of sources
seems a more optimistic assumption. Finally, we also add tighter priors on Ωm and w from BAO
measurements in DESI. We repeat our analysis to calculate ∆χ2 for the NNaturalness models with
respect to the fiducial cosmology, and we find that even under these assumptions, the largest ∆χ2 for
the NNaturalness realizations considered here is 0.53.
Since the combinations of mφ and r that were considered here produced the highest ∆Neff
consistent with current bounds, measurements of Neff from Stage 4 CMB experiments will easily
detect the contribution from such models. But the detection will not be able to distinguish them
from other scenarios e.g. [91, 100]. We have explored the detection of its signature in in large-scale
structure. We find that even the lensing surveys of the next decade will be hard pressed to make a
detection. The signal is below a percent-level suppression of the power spectrum, which is challenging
to achieve statistically and, even if we pushed survey parameter to achieve that, it would be daunting
to control systematics at the desired level. One might hope that a completely different observable
that goes to smaller scales or otherwise samples many more modes like the Lyman-α forest or 21cm
probes of structure - while achieving sub-percent control of systematics, will be sensitive to these
cosmologies.
7 Summary and Discussion
We have obtained forecasts for the constraints on the neutrino mass from measurements of galaxy
clustering and weak lensing in the LSST experiment, using information from only linear scales. The
constraints on cosmological parameters, including the sum of the neutrino mass, improve with the
number of redshift bins used in the analysis. We find that using 6 lens redshift bins and 6 source
redshift bins, the sum of neutrino masses can be constrained to σ
(∑
mν
)
= 0.041 eV and the dark
energy equation of state can be constrained to σ(w) = 0.020. While the constraint on the neutrino
mass is very similar to that coming from Stage 4 CMB lensing experiments, LSST provides much
stronger constraints on w than CMB lensing. These constraints were obtained by including priors
on cosmological parameters coming from the Planck experiment. Further, the number of relativistic
degrees of freedom Neff was included as a parameter in our analysis. In principle, Neff could be
constrained independently from measurements of the CMB primaries in the CMB Stage 4 experiments.
However, to provide a conservative estimate of the constraints, we initially include it as a parameter
that is to marginalized over when obtaining constraints on other cosmological parameters of interest.
Our constraints are in agreement with similar forecasts in literature e.g. [39, 40].
When we include the expected tighter priors on other cosmological parameters from the up-
coming survey DESI, the forecasted 1-σ constraint on the sum of neutrino masses from LSST goes
down to 0.032 eV. A similar analysis for CMB Stage 4 lensing yields a constraint of 0.029 eV. These
improvements come mainly from the tighter constraints on Ωm and w, arising from accurate BAO
measurements at low redshifts.
When we further included strong priors on Neff , assuming that it will be measured independently
in upcoming surveys, the forecasted constraint on the sum of neutrino masses at LSST tightens to
0.028 eV. For CMB Stage 4 lensing, this additional prior on Neff yields a constraint of σ(
∑
mν) =
0.023 eV. These constraints on the sum of neutrino masses from CMB lensing are consistent to those
presented in [41] when marginalizing over the same set of cosmological parameters.
We have also obtained constraints on
∑
mν and w using a combination of galaxy clustering
measurements from LSST and CMB stage 4 lensing. Once again, if low redshift information from
DESI is included in the analysis, the constraints on the sum of neutrino masses becomes tighter. In
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fact, this combination can constrain σ(
∑
mν) = 0.020 eV, which is comparable to the bounds obtained
from CMB lensing only in [26, 41, 53, 54], even though we marginalize over an extra parameter in Neff
for this comparison. Note that this combination of LSST, CMB Stage 4 lensing and DESI would be
able to detect the minimal mass normal hierarchy of neutrinos at ∼ 3σ. However, this is an relatively
optimistic estimate. Firstly, this estimate assumed perfect overlap between the survey volumes of
LSST and CMB Stage 4 experiment, and that the cross-correlations of data from the two surveys
does not throw up unforeseen issues. This also assumes that all the major sources of systematics
have been accounted for and behave as expected, and that all the surveys are able meet their target
statistical error levels. On the other hand, it might be possible to extract even stronger constraints
using this technique if smaller scales at LSST can be modeled more accurately.
One of the main sources of systematics in the LSST measurements will be shear bias and uncer-
tainties in the photometric redshift of the source galaxies. We use redMaGiC galaxies, for which the
photometric redshifts are measured to a very high accuracy, for lens galaxies, and therefore neglect
lens redshift errors as a source of systematic errors. However, we account for redshift uncertainties of
source galaxies and uncertainties in the shear bias using the parameterization in § 3. Our constraints
were obtained without placing any priors on the nuisance parameters mi. We have also investigated
how the constraints improve when priors are placed on these parameters. The improvement is quite
weak in
∑
mν , and even weaker for w. Placing a realistic prior of 0.02 on each of the mi produces an
improvement of ∼ 15% on the neutrino mass constraint, and ∼ 5% improvement on the error on w.
We note that we have made some simplifying assumptions in this study. We have assumed a flat
cosmology in our analysis, and so Ωk is fixed to 0 for all our calculations. We have also assumed that
the equation of state for dark energy is time invariant, setting wa = 0. The effect of marginalizing over
Ωk and wa as extra parameters on the neutrino mass constraint has been studied in e.g. [41] for Stage
4 CMB lensing. It should also be pointed out we do not consider the effects of extended theories of
gravity on the power spectrum, which can be degenerate with the effect of massive neutrinos [113]. In
this analysis, we have obtained the constraints on the sum of neutrino masses with the minimal mass
normal hierarchy as the fiducial model. Various authors have looked into distinguishing the normal
hierarchy of neutrino masses from the inverted hierarchy using cosmological observables, [49, 51, 114–
116] for example. Moving on to systematics, we have neglected the effect of intrinsic alignments of
galaxies and other effects which as discussed above are expected to be subdominant to the uncertainties
considered in our analysis.
Beyond Standard Model neutrinos, thermal dark radiation can also lead to observable signatures
on both Neff at CMB, as well as on the late time matter power spectrum. Dark radiation candidates
which were relativistic at CMB, but non-relativistic today damp the power spectrum on scales below
their free streaming scale with an amplitude that is proportional to the mass of the particle. In this
paper, we have studied the bounds that can be placed on the mass of dark radiation particles if they
produce a detection of ∆Neff = 0.15 in the CMB primaries. The constraint on the mass depends on
whether this new thermal species follows a Bose-Einstein distribution or a Fermi-Dirac distribution.
For the former, we find a constraint on the mass σ(mDR) = 0.137 eV at a 1-σ level. For the latter,
the mass constraint is σ(mDR) = 0.162 eV at the 1-σ level. We find that the mass constraints scale
inversely as ∆Neff . Since the neutrino mass was one of the parameters that was marginalized over to
obtain this estimate, it suggests that LSST will be potentially sensitive to multiple light species with
different temperatures and masses.
A specific model that posits the presence of extra light degrees of freedom is the NNaturalness
model outlined in [1]. This model predicts the presence of multiple copies of neutrinos with different
temperatures and number densities, all of which can contribute to Neff . We have analyzed how
effective LSST will be at detecting these extra neutrino species. We find that even when the ∆Neff
produced by these extra neutrinos is near the current bounds, LSST measurements will only be able
to detect the effects of these at a statistical significance of 0.151 σ. Even a more optimistic estimate
yields a maximum ∆χ2 = 0.53 between the fiducial cosmology and a cosmology including extra
neutrinos from the NNaturalness models. Since CMB Stage 4 will improve current constraints on
Neff by almost an order of magnitude, the contribution to Neff from the NNaturalness model will
be detectable. However, even for an unambiguous detection of Neff from measurements of the CMB
– 18 –
primaries, it will be difficult to distinguish NNaturalness from other exotic models which also predict
extra light degrees of freedom during the CMB epoch e.g. [91, 100].
Through most of our analysis, we have only used modes for which linear perturbation theory
is still valid. This allowed us to use a linear matter power spectrum instead of the full nonlinear
matter power spectrum, as well to use the simplifying assumption that the covariance of various l
modes are independent of each other. Moreover, at these linear scales, we could make the added
simplifying assumption that galaxy bias is scale-independent. However, smaller scales which are
mildly nonlinear, potentially have a lot of useful information due to the fact that there are many
such independent patches on the sky. Extracting this information could lead to stronger constraints
on the neutrino mass, and statistically significant detection of extra light degrees of freedom. To
do this, we first need to accurately model the matter power spectrum in the presence of massive
neutrinos and other light degrees of freedom. Secondly, we need to take into account off-diagonal
covariances between different l modes in the nonlinear regime. And finally, to use the galaxy-galaxy
autocorrelation and the galaxy-galaxy lensing spectra on small scales, we need an accurate model of
galaxy bias on these scales, where it can be strongly scale dependent. Using this extra information
will allow for even stronger constraints on the neutrino mass, as well a more statistically significant
detections of other light degrees of freedom in the future.
Our study of dark radiation models makes clear that surveys planned for the next decade have
interesting new discovery space. Indeed, for models such as NNaturalness, even more ambitious
surveys will be required. One possibility is 3-dimensional surveys that can access more modes of mass
fluctuations than any of the surveys discussed in this paper. Surveys discussed in the Cosmic Visions
whitepaper [117], typically for the 2030s, would achieve fractional errors on the power spectrum of well
below a percent. Such surveys would enable high significance detections of standard model neutrino
properties and also test a variety of models for new particle species.
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